The use of higher erythropoietin (EPO) doses is associated with an increased risk of an adverse outcome and increased mortality in patients with renal failure. Resistin is related to heart disease, and may contribute to an increased atherosclerotic risk. We hypothesized that a link between resistin and EPO responsiveness may exist. We therefore investigated the relationship between resistin and the EPO resistance index (ERI) in nondiabetic hemodialysis (HD) patients. Fifty-seven patients enrolled in the study underwent HD for ≥ 3 months and intravenous EPO therapy to maintain a target hemoglobin (Hb) level of 11.0 g/dl. The ERI was defined as the weekly EPO dose per unit Hb per body weight. The mean patient age was 52.6 ± 11.9 years and the mean time on dialysis was 4.9 ± 4.4 years. Serum Hb and ERI were 10.4 ± 0.7 g/dl, and 13.3 ± 7.0 (IU/kg/week/g/dl), respectively. Serum resistin levels were 23.6 ± 9.3 µg/L. EPO resistance is associated with low body mass index (BMI) (coefficient β =−0.393, p = 0.002) and with high serum resistin levels (coefficient β = 0.332, p = 0.018). According to a multiple regression analysis, the serum resistin level was a significant independent factor related to EPO resistance (p = 0.017). The results suggest that serum resistin levels reflect EPO responsiveness in nondiabetic HD patients. Resistin may therefore be considered as a new marker of EPO responsiveness in HD patients.
Anemia is common in patients with chronic kidney disease and is associated with a higher risk of mortality from cardiovascular disease. Recombinant human erythropoietin (EPO) has been used in chronic hemodialysis (HD) patients to treat anemia and to improve the quality of life. However, marked variability exists in patient sensitivity to EPO, with one study reporting up to a tenfold variability in dose requirements to achieve anemia correction (Costa et al. 2008b ). The use of higher EPO doses is reported to be associated with increased mortality, even when hemoglobin (Hb) levels within the target range were achieved (Zhang et al. 2004; Regidor et al. 2006) . EPO responsiveness and the achieved Hb values are strong predictors of mortality risk (Kilpatrick et al. 2008) .
Adipocytokines are soluble mediators produced by adipocytes that may provide the link between the response of adipose tissue and the numerous physiological and pathological processes (Lago et al. 2007 ). Resistin, a 108-amino acid peptide hormone with a molecular weight of 12.5 kDa, is produced exclusively by mouse adipocytes and regulates glucose homeostasis (Steppan et al. 2001) .
Recent studies have shown that resistin is related to heart disease in patients with end-stage renal disease (ESRD) (Diez et al. 2005) , and may contribute to an increased atherosclerotic risk through modulating the activity of endothelial cells (Cohen and Horl 2009) . We hypothesized that a link between resistin and EPO responsiveness may exist. We therefore investigated the relationship between resistin and EPO responsiveness in HD patients.
Subjects and Methods

Subjects
The study began in March 2009 and ended in May 2009. All patients enrolled in the study underwent maintenance HD at the dialysis unit of Gachon University Gil Hospital, Incheon, Korea. Selected participants met the following inclusion criteria: dialysis therapy for ≥ 3 months, age ≥ 18 years, and provision of informed consent. Exclusion criteria included subjects who expressed doubts regarding study enrollment; diabetes mellitus; acute inflammation within the previous 3 months; severe heart failure (New York Heart Association class IV); acute myocardial infarction, coronary intervention, or coronary artery bypass graft within the previous 3 months; and cardiac valvular disease requiring surgery.
A total of 57 patients were enrolled in the study. The mean patient age was 52.6 ± 11.9 years and 53% were male. The mean patient time on dialysis was 4.9 ± 4.4 years. The causes of ESRD were hypertension in 12 patients (21.0%), which was followed by glomerulonephritis in 7 (12.3%), other causes in 5 (8.8%), and unknown causes in 33 (57.9%) patients. Thirty-three patients (57.9%) received angiotensin-converting enzyme inhibitors or angiotensin receptor blockers (Table 1 ). All the patients were dialyzed with biocompatible membranes (F5 or F6; Fresenius Medical Care AG, Bad Homberg, Germany) three times per week using Fresenius 4008H (Fresenius Medical Care AG).
All patients provided written informed consent, and the study protocol was approved by the ethics committee of the institutional review board of Gachon University Gil Hospital.
Study protocol
Patients in this study received EPO (erythropoietin-α; CJ Pharma, Seoul, Korea) intravenously at a frequency ranging from twice to thrice weekly according to the Kidney Disease Outcomes Quality Initiative guidelines. The EPO dose was titrated with the aim of maintaining a target Hb level of 11.0 g/dl. Patients on EPO also received 160 mg of oral ferrous sulfate as an iron supplement to maintain serum ferritin at > 100 ng/ml and transferrin saturation (TSAT) at > 20%. Intravenous ferric hydroxide was administered as a repletive 100-mg dose for 10 consecutive HD treatments, when the patient's TSAT was < 20% or the serum ferritin concentration was <100 ng/ml. Patients with TSAT ≥ 50% and serum ferritin of ≥ 800 ng/ml did not receive iron supplementation. The EPO resistance index (ERI) was calculated as the ratio between the weight-adjusted EPO dose (IU/kg/week) and Hb (g/dl) (Kanbay et al. 2010 ).
Measurement of plasma resistin, adiponectin and IL-6
All parameters were measured in patients starting at the midweek dialysis session. The acquired serum samples were centrifuged, and the supernatants were withdrawn and immediately frozen at -70°C for later analysis. Resistin and adiponectin levels were determined using the Bio-Plex Pro human diabetes assays (Bio-Rad Laboratories, Hercules, CA, USA), and serum interleukin (IL)-6 concentrations using the Bio-Plex multiplex cytokine assay (Bio-Rad Laboratories).
Statistical methods
The results are reported as means ± s.d. or number (percentage). The data were analyzed using SPSS 12.0 for Windows (SPSS Inc., Chicago, IL, USA). Categorical variables were compared with the chi-square test and continuous variables with the Student's t-test or Wilcoxon test. Univariate regression was used to determine correlations between ERI and other variables. Due to their skewed distribution, C-reactive protein (CRP), IL-6, adiponectin, and resistin values were log transformed. To identify factors associated with EPO responsiveness, all variables with P-values of < 0.10 were entered into a multivariable linear regression analysis. Values of p < 0.05 were deemed to be statistically significant.
Results
Serum Hb, ferritin, total cholesterol, and parathyroid hormone levels were 10.4 ± 0.7 g/dl, 313 ± 266 ng/ml, 156 ± 34 mg/dl and 280 ± 363 pg/ml, respectively. The singlepool Kt/V and normalized protein nitrogen appearance rate were 1.54 ± 0.30, and 1.10 ± 0.28 g/kg/day, respectively. Serum resistin and adiponectin levels were 23.6 ± 9.3 µg/L and 75.5 ± 12.6 mg/L, respectively. These levels in our HD patients were higher than those of healthy subjects (serum resistin 5.8 ± 1.7 μg/L and adiponectin 6.7 ± 3.8 mg/L), as reported by other investigators (Ziegelmeier et al. 2008 ). The EPO dose and ERI were 6,982 ± 3,299 IU/week and History of congestive heart failure 3
History of ischemic heart disease 5
History of ACEi or ARB 33
ESRD, end stage renal disease; BMI, body mass index; ACEi, Angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers. Adiponectin (mg/L) 75.5 ± 12.6 CRP (mg/L) 7.0 ± 5.0
Interleukin-6 (ng/mL) 5.6 ± 6.0
Erythropoietin (IU/week) 6,982 ± 3,299 ERI (IU/kg/week/g/dl) 13.3 ± 7.0 TSAT, transferrin saturation; PTH, parathyroid hormone; HDL, high density lipoprotein; spKt/V, single pool Kt/V; URR, urea reduction rate; nPNA, normalized protein nitrogen appearance rate; CRP, C-reactive protein; ERI, erythropoietin resistance index.
13.3 ± 7.0 IU/kg/week/g/dl, respectively (Table 2) .
Univariate analysis showed that ERI was significantly correlated with both body mass index (BMI) (coefficient β = −0.393, p = 0.002) and serum levels of resistin (coefficient β = 0.332, p = 0.018) (Table 3) . Serum resistin did not correlate with CRP (coefficient β = −0.203, p = 0.176) or IL-6 (coefficient β = 0.233, p = 0.103). The multiple regression analysis showed that BMI (coefficient β = −0.513, p < 0.001) and serum resistin (coefficient β = 0.314, p = 0.017) were significant independent determinants of EPO responsiveness (Table 4) , while linear regression confirmed a correlation between ERI and resistin (r 2 = 0.111, p = 0.018) (Fig. 1) .
Discussion
In patients with renal failure, EPO replacement is the mainstay of the anemia treatment. Therefore, in addition to their potential as prognostic indicators, EPO responsiveness and the achieved Hb values are strong predictors of mortality risk (Kilpatrick et al. 2008) . EPO resistance in patients with adequate iron stores is associated with concomitant inflammation or infection, severe hyperparathyroidism, aluminum intoxication, vitamin B 12 or folate deficiencies, inadequate dialysis, and drug treatments (Lacombe 1996; Smrzova et al. 2005; Al-Hilali et al. 2007; Kaynar et al. 2007; Costa et al. 2008a; Locatelli et al. 2009 ). The variability in patient responsiveness to EPO, however, remains largely unexplained.
The main finding of this study is that serum resistin levels positively correlate with EPO responsiveness in nondiabetic HD patients. Previous studies demonstrated increased resistin concentrations in insulin resistant patients (Anderson et al. 2007; Mojiminiyi and Abdella 2007) . The improvement of anemia by EPO reversed insulin resistance in uremic patients (Borissova et al. 1993; Mak 1996) . EPO treatment may therefore participate in a reduction of insulin resistance through iron store depletion and an improvement of chronic inflammation in patients on maintenance HD (Rasic-Milutinovic et al. 2008 ). Thus, serum resistin levels may be related to EPO responsiveness through insulin resistance.
The role of the adipokine resistin in hematopoietic stem cell function is not well defined, and the potential implications of EPO responsiveness are not clear. Several lines of evidence indicate that resistin is related to erythropoiesis. First, resistin expression is higher in normal human fetal liver, adult bone marrow, umbilical cord blood, and peripheral blood cells, which indicates that the distribution of human resistin is correlated with normal haematopoiesis under certain conditions (Wu et al. 2009 ). Second, granulocyte colony-stimulating factor (G-CSF) induces the secretion of resistin by adipocytes in vitro, and serum resistin levels are significantly elevated by G-CSF treatment (Tanaka et al. 2009) . A G-CSF dose-related effect may play a role in the inhibition of erythropoiesis and the worsening of anemia (Papaldo et al. 2006) . Therefore, a link between the secretion of resistin and a decline in erythropoiesis, may exist, thus suggesting that resistin may be related to EPO responsiveness.
An inverse correlation between BMI and anemia control has been observed in HD patients (Takeda et al. 2002; Di Iorio et al. 2007) , and BMI was independently associated with EPO responsiveness (Locatelli et al. 2006) . In this study, a significant negative correlation between EPO responsiveness and BMI was observed. Kotanko et al. reported that EPO requirements and EPO resistance are reduced in patients with a high total body composition of adipose tissue and subcutaneous adipose tissue (Kotanko et al. 2008 ). More than 100 factors, including adipokines and cytokines are secreted from adipose tissue and these mediators may be related to EPO responsiveness. Adipose tissue is thought to be involved in energy regulation, inflammation, and the immune response, and adipocytes have been shown to be a part of the hematopoietic microenvironment. Malyszko et al. reported an association between resistin and inflammatory markers in HD patients (Malyszko et al. 2007) . Resistin in humans is primarily produced by inflammatory cells, both inside and outside the adipose tissue (Steppan et al. 2001; Patel et al. 2003) . Resistin release is associated with inflammation, is a common finding in HD patients, and is enhanced in EPO nonresponders compared to responders. However, unlike several previous studies that showed a strong association between CRP or IL-6 and EPO responsiveness (Axelsson et al. 2005) , in this study, inflammatory cytokines such as CRP and IL-6 were not determinants of ERI. One possible explanation for this discrepancy is the differing populations investigated. The prevalence of inflammation in Asian communities including China and Korea are considered much lower as compared with the white dialysis cohorts (Noh et al. 1998; Stenvinkel et al. 2002; Wang et al. 2003) . This may reflect differences in inflammatory responses or a genetic susceptibility to develop inflammation between Asian and white populations.
Our study has some limitations. First, we used only a small number of patients within one center that may display significant limitations. Secondly, we did not elucidate the mechanism of action underlying the association between resistin levels and EPO responsiveness. Further long-term follow-up of a larger number of patients is needed to clarity the relationship between resistin and EPO responsiveness.
In conclusion, we suggest that resistin is a novel marker of EPO responsiveness in HD patients. A key factor of anemia correction is EPO treatment; however, the causes of low responsiveness to EPO vary among HD patients, and few biomarkers to predict its responsiveness exist. Although inflammatory markers are good candidates, other mechanisms may exist independently of inflammation. We found that resistin levels were related to EPO responsiveness in nondiabetic HD patients, independent of IL-6 and CRP. This may aid our understanding of the variable mechanisms of EPO responsiveness. Further studies are now required to form a direct relationship between resistin and EPO responsiveness.
